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ABSTRACT 


Diurnal  variations  in  liver  glycogen  content  and 
the  activities  of  certain  liver  enzymes  following  2 -hour 
feeding  periods  were  studied  in  trained-fed  rats  adapted 
to  high -carbohydrate  or  carbohydrate -free  diets.  The 
results  indicated  that  time  after  feeding  a  high- carbohydrate 
meal  affected  the  activities  of  glucose -6 -phosphatase  and 
glutamic -pyruvic  transaminase,  but  not  glucose -6 -phosphate 
dehydrogenase.  These  time-related  changes  were  modified 
by  meal-feeding  the  carbohydrate -free  diet.  Glycogen 
deposition  following  a  carbohydrate -free  meal  indicated 
a  rapid  takeover  of  gluconeogenesis. 
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ARCTIC  SURVIVAL  RATIONS.  X.  DIURNAL  VARIATIONS  OF  SOME 
LIVER  CONSTITUENTS  IN  RATS  FED  PEMMICAN  MEALS 


SECTION  1.  INTRODUCTION 


In  studies  of  pemmican  as  a  survival  ration  our  interest  has  been 
directed  toward  the  maintenance  of  blood  glucose  levels  (Drury  et  al, 

1959)  and  glycogen  storage  in  the  liver  (Vaughan  et  al,  1958).  We,  as 
well  as  others  (Thorn  and  Scheitza,  1961),  have  shown  that  animals  on 
carbohydrate-free  diets  can  maintain  appreciable  levels  of  liver  glycogen. 

It  is  a  well  known  fact,  however,  that  these  entities  fluctuate  widely  as 
a  result  of  ingestion  of  food.  Changes  in  enzyme  activity  related  to  time 
after  feeding  also  have  been  reported  (Nielson  and  Klitgaard,  1961). 
Consequently,  in  comparing  some  of  the  reactions  which  may  be  involved 
in  the  regulation  of  gluconeogenesis  during  various  dietary  regimens,  it 
appeared  to  us  that  more  valid  information  could  be  obtained  by  training 
animals  to  eat  meals  than  by  allowing  them  to  nibble  freely.  In  the  ex¬ 
periments  reported  here  we  studied  the  activities  of  glutamic -pyruvic 
transaminase  (GPT),  glucose-6 -phosphatase  (G-6-Pase)  and  glucose-6- 
phosphate  dehydrogenase  (G-6-PDH)  —  as  well  as  levels  of  liver  glycogen  — 
as  related  to  time  after  ingestion  of  high-carbohydrate  and  carbohydrate - 
free  (pemmican)  meals  in  rats  either  adapted  or  not  adapted  to  the 
pemmican  diet. 


SECTION  2.  SUMMARY 


The  sequential  effect  on  certain  liver  enzymes  and  on  liver  glycogen 
of  high-carbohydrate  or  carbohydrate -free  meals  was  studied  in  rats 
either  adpated  to  high-carbohydrate  or  carbohydrate -free  diets.  The 
pattern  of  glycogen  deposition  and  repletion  on  the  various  treatments  was 
indicative  of  a  rapid  takeover  of  gluconeogenic  reactions  to  maintain 
appreciable  glycogen  stores  during  a  carbohydrate -free  dietary  regimen. 
This  ability  was  lost  following  a  single  high-carbohydrate  meal.  The 
activity  of  GPT  varied  significantly  with  respect  to  time  after  feeding. 

This  effect  was  somewhat  modified  by  the  carbohydrate -free,  high-fat 
regimen.  G-6-Pase  activity  showed  some  evidence  of  substrate  induction 
24  hours  after  high- carbohydrate  meals,  but  this  also  disappeared  during 
carbohydrate-free  feeding.  G-6-PDH  exhibited  no  definite  24-hour  pattern, 
but  its  activity  was  depressed  coilsiderably  during  the  carbohydrate -free 
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regimen.  At  24  hours  after  a  meal  of  the  high- carbohydrate  diet,  however, 
G-6-PDH  activity  was  significantly  increased  over  previous  values  obtained 
during  carbohydrate -free  feeding.  These  results  were  interpreted  to  mean 
that  diurnal  patterns  in  the  activity  of  these  enzymes  may  be  appreciably 
influenced  by  dietary  composition,  especially  if  fat  content  is  increased, 
and  that  this  effect,  as  well  as  others  discussed,  may  be  related  to  the 
rate  at  which  the  respective  substrates  reach  the  liver. 


SECTION  3.  METHODS 


Male,  Sprague -Dawley  rats  were  trained  to  eat  their  daily  ration 
within  a  2-hpur  period.  The  high- carbohydrate  diet  contained  18%  casein, 
68%  sucrose,  10%  vegetable  oil,  4%  U.  S.  P.  salt  mixture  no.  2,  and  all 
required  vitamins.  The  carbohydrate -free  diet  consisted  of  Quartermaster 
Meat  Food  Bar  (hereafter  called  pemmican)  supplemented  with  bone  meal 
to  give  levels  of  46%  protein,  46%  fat  and  8%  salts.  Rats  adapted  to 
pemmican  were  maintained  for  at  least  six  weeks  on  this  diet;  the  high- 
carbohydrate  rats  were  maintained  for  at  least  three  weeks  on  their  diet. 
When  sacrificed,  body  weights  were  250  to  300  grams. 

Animals  were  killed  4,  8,  16  and  24  hours  after  the  final  meal.  Methods 
used  for  the  assay  of  liver  G-6-Pase,  G-6-PDH  and  glycogen  have  been 
previously  described  (Vaughan  et  al,  1958;  Hannon  and  Vaughan,  I960). 

GPT  was  assayed  by  the  method  of  Wr(/blewski  and  LaDue  (1956).  Enzyme 
activities  are  expressed  as  pM  of  substrate  converted  per  minute  per  100 
grams  of  body  weight,  since  this  mode  of  expression  seems  to  us  to  be 
more  relevant  to  dietary  adaptation  where  changes  in  liver  to  body  weight 
ratios  may  be  quite  marked  (see  Table  I).  Liver  to  body  weight  ratios  were 
calculated  from  body  weights  obtained  just  before  the  respective  meals  were 
offered. 


SECTION  4.  RESULTS  AND  DISCUSSION 

Results  are  summarized  in  Table  I.  They  are  arranged  so  as  to  pre¬ 
sent  a  reasonable  sequence  of  events,  reading  from  top  to  bottom.  First, 
diurnal  events  in  the  liver  during  the  feeding  of  high -carbohydrate  meals 
were  measured.  Then,  enzyme  and  glycogen  responses  to  the  first  24 
hours  of  adjustment  to  a  carbohydrate -free  meal  were  observed.  After 
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TABLE  1.  Response  of  Various  Liver  Constituents  to  Experimental  Treatments 
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Standard  error  of  the  mean. 

Anirnals  per  group  for  this  assay.  Means  not  marked  represent  5  animals. 


adaptation  for  six  weeks  to  the  carbohydrate -free  meal,  the  diurnal  res¬ 
ponses  to  a  pemmican  meal  were  measured.  Finally,  the  first  stages^  of 
de -adaptation  from  pemmican  were  studied  by  feeding  a  high-carbohydrate 
meal. 

After  feeding  a  high-carbohydrate  meal  to  carbohydrate -adapted  rats, 
there  was  an  initial  rapid  deposition  of  liver  glycogen  and  later  removal 
until  quite  low  levels  were  reached.  Upon  receiving  a  carbohydrate -free 
meal,  these  levels  fell  even  further  for  a  while,  but  by  l6  hours  synthesis 
of  glycogen  was  evidently  proceeding,  probably  from  protein.  At  24  hours, 
1.75  per  cent  remained.  After  six  weeks  on  the  carbohydrate-free  diet, 
liver  glycogen,  following  a  carbohydrate -free  meal,  did  not  peak  appre¬ 
ciably  at  8  hours,  while  at  24  hours,  over  2  per  cent  still  remained  in  the 
liver.  Finally,  upon  receiving  one  meal  of  the  high- carbohydrate  diet, 
rats  which  were  adapted  to  pemmican  exhibited  the  same  pattern  of  glycogen 
deposition  as  the  rats  not  adapted. 

It  is  evident,  thus,  that  rats  receiving  this  type  of  carbohydrate -free 
diet  maintain  appreciable  levels  of  liver  glycogen  during  the  24  hours 
following  a  meal.  They  appear  to  be  less  dependent  on  glycogen  for 
glycolytic  reactions  and/or  blood  sugar  formation,  for  their  glycogen 
levels  do  not  fall  as  precipitately  as  with  rats  on  a  high- carbohydrate  diet. 
This  ability  to  maintain  glycogen  levels  is  evidently  lost  immediately  upon 
receiving  only  one  high-carbohydrate  meal,  for  glycogen  content  again  fell 
to  the  low  24-hour  level  observed  before.  These  observations  are  in  line 
with  results  reported  by  Samuels  et  al  (1942)  and  Page'^ and  Babineau  (1954) 
who  have  shown  that  animals  fed  high-fat  rations  are  able  to  maintain 
higher  liveir  glycogen  levels  when  fasted. 

It  might  be  expected,  then,  that  during  pemmican  feeding  gluconeo- 
genesis  would  be  increased  and  that  this  increase  would  be  reflected  in 
elevated  levels  of  G-6-Pase  and  GPT  (Freedland  and  Harper,  1958; 

Rosen  et  al,  1959).  As  the  results  show,  however,  the  activity  of  GPT 
was  not  elevated  significantly  as  a  result  of  the  ingestion  of  pemmican  if 
the  activities  at  identical  times  after  feeding  are  compared.  Another  point 
of  interest  is  the  rather  wide  variation  in  activity  at  different  times  after 
feeding.  Especially  in  animals  fed  a  high- carbohydrate  meal,  the  highest 
values  (16  hours)  were  39%  higher  than  the  lowest  (4  hours).  This  pattern 
was  modified  somewhat  when  pemmican  was  fed,  in  particular  following 
adaptation  to  this  diet  when  the  peak  elevation  was  only  16%  higher  than  tlie 
lowest  value  observed. 

The  failure  of  GPT  activity  to  increase  as  a  result  of  the  increased 
protein  intake  from  pemmican  was  somewhat  unexpected,  since  Rosen 
et  al  (1959)  and  Muramatsu  and  Ashida  (1962)  have  shown  that  GPT  activity 
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increases  with  increased  protein  intake.  We  have  also  observed  (to  be 
published)  that  the  cold-induced  increase  in  GPT  activity  is  apparently  a 
simple  response  to  increased  protein  intake.  It  is  possible  that,  in  the 
present  experiments,  the  simultaneously  increased  fat  content  nullified  the 
effect  of  increased  protein  as  well  as  modified  the  pattern  of  GPT  activity 
following  a  meal. 

The  only  noticeable  response  in  G-6-Pase  activity  occurred  at  24 
hours  versus  l6  hours  when  the  animals  had  been  fed  a  high- carbohydrate 
meal.  It  is  our  opinion  that  this  slight  rise  could  be  a  temporary  response 
to  substrate  (glucose -6 -phosphate)  arising  from  glycogen  mobilization. 

That  it  is  not  a  stress  response  to  blood  glucose  depletion  would  seem  to  be 
indicated  by  its  failure  to  increase  further  after  the  first  meal  of  pemmican, 
when  no  sugar  was  ingested  and  glycogen  fell  to  even  lower  levels.  In  this 
connection  it  should  be  noted  that  no  difficulty  was  encountered  in  persuading 
rats  to  eat  the  unfamiliar  pemmican,  so  that  as  far  as  the  animal  as  a 
whole  was  concerned,  the  fasting  period  did  not  extend  beyond  24  hours. 

Glucose -6 -phosphate  dehydrogenase  activity  fell  to  virtually  minimiom 
levels  after  six  weeks  of  the  peminican  diet.  We  have  observed  previously 
that  no  depression  in  its  activity  occurred  when  a  carbohydrate -free  diet 
of  90%  protein  was  fed  (Vaughan  et  al,  I960).  In  the  present  experiment, 
however,  although  the  fat  content  was  only  46%,  activity  fell  to  levels 
comparable  to  those  previously  observed  on  70%  fat  diets  containing  much 
less  protein  (Vaughan  et  a.1,  I960).  The  retarding  influence  of  dietary  fat 
on  absorption  may  be  involved  here,  in  that  fat  may  prevent  flooding  of 
certain  systems  with  consequent  substrate  induction.  The  reduced  activity 
of  this  enzyme  (Tepperman  and  Tepperman,  1958a),  as  well  as  "malic 
enzyme"  (Fitch  and  Chaikoff,  1961),  reported  during  stock  diet  feeding  may 
possibly  be  related  to  the  slower  rate  of  release  of  starch-derived  glucose. 

When  fed  a  high -carbohydrate  meal,  these  pemmican-adapted  rats 
exhibited  a  significant  rise  in  G-6-PDH  by  the  end  of  the  24-hour  period. 
These  results  are  similar  to  those  observed  by  Tepperman  and  Tepperman 
(1958b)  with  refeeding  experiments.  The  activity  of  this  enzyme  during 
high- carbohydrate  meal  feeding  also  fell  in  the  ranges  reported  by  these 
authors  and  by  Hollifield  and  Parson  (1962)  as  a  result  of  meal  feeding,  and 
is  likewise  appreciably  higher  than  reported  by  us  (Vaughan  et  al,  I960) 
during  ad  libitum  feeding  of  high- carbohydrate  diets.  It  is  furthermore 
evident  that,  once  a  level  characteristic  of  a  particular  dietary  treatment 
is  attained,  little,  if  any,  effect  of  time  after  feeding  is  noticeable  on  the 
activity  of  G-6-PDH., 
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We  did  not  study  lipogenesis  during  these  experimental  treatments. 

It  seems  likely,  however,  that  it  would  have  been  depressed,  considering 
the  fact  that  others  (Tepperman  and  Tepperman,  1958b;  1961)  have  shown 
a  correlation,  if  not  a  causal  effect,  between  shunt  activity  and  lipogenesis. 
Still  others  (Hausberger  and  Milstein,  1955)  have  demonstrated  lipogenic 
depression  when  high  fat  diets  are  fed.  In  view  of  the  modifications  arising 
from  increased  fat  intake  shown  here,  it  would  seem  pertinent  to  study  the 
effect  oh  lipogenesis  and  fat  deposition  of  meal  feeding  diets  higher  in  fat 
than  are  commonly  fed  rats,  especially  with  regard  to  hypotheses  proposed 
by  some  (Hollifield  and  Parson,  1962;  Cohn  and  Joseph,  I960)  concerning 
the  effect  of  eating  patterns  on  human  obesity. 
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